I. INTRODUCTION
O MNIDIRECTIONAL communication has been used extensively in various applications due to its insensitivity to orientation and location. Unfortunately, such systems suffer from several shortcomings. The transmitter radiates electromagnetic power in all directions, a small fraction of which reaches the intended receiver. Thus, for a given receiver sensitivity, a substantially higher power needs to be radiated by an omnidirectional transmitter. Not only is a major fraction of this power wasted, but also it is often reflected off of various objects, resulting in multipath fading and additional interference for other users.
On the other hand, in a directional communication system, power is only transmitted in the desirable direction(s) and is received from the intended source(s). This is commonly achieved by using directional antennas (e.g., a parabolic dish) that provide antenna gain for certain directions and attenuation in others. Due to the passive nature of the antenna and the conservation of energy, the antenna gain and its directionality go together; a higher gain corresponds to a narrower beam width. Directional antennas are used when the relative location and orientation of neither the transmitter nor the receiver change quickly or frequently and are known in advance. For example, this is the case in fixed-point microwave links and satellite receivers. The additional antenna gain at the transmitter and/or receiver can substantially improve the signal-to-noise-plus-interference ratio (SNIR) and thereby increase the effective channel capacity. However, a single directional antenna is not well suited for portable applications, where its orientation needs to be changed quickly and constantly via mechanical means. Fortunately, multiple-antenna phased arrays can be used to imitate a directional antenna whose bearing can be controlled electronically with no need for mechanical movement [1] - [6] . This electronic steering makes it possible to take advantage of the antenna gain and directionality while eliminating the need for continuous mechanical reorientation of the antenna. Additionally, multiple-antenna systems alleviate the requirements for individual active devices used in the array and make the system more robust to individual component failure.
Various forms of multiple antenna systems provide a plethora of solutions for communications and radar, such as multipleinput-multiple-out (MIMO) diversity transceivers and synthetic aperture radars (SARs). Phased arrays constitute a special class of multiple antenna systems that enable beam and null forming in various directions. However, these systems have been implemented using a large number of microwave modules, adding to their cost and complexity [5] , [6] .
Higher frequencies offer more bandwidth while reducing the required antenna size and spacing. The industrial, scientific, and medical (ISM) band at 24 GHz is a good candidate for broadband communication using multiple-antenna systems with a small size. Additionally, for indoor environments, the delay spread is smaller compared to lower frequency bands such as 2.4 and 5 GHz, allowing higher data rates [7] . A 2002 FCC ruling has opened the 22-29-GHz band for automotive radar systems, such as autonomous cruise control (ACC) [8] .
In the last paragraph of his seminal paper published in 1965 [9] , Gordon Moore prophesied: "Even in the microwave area, structures included in the definition of integrated electronics will become increasingly important
The successful realization of such items as phased-array antennas, for example, using a multiplicity of integrated microwave power sources, could completely revolutionize radar." Integration of a complete phased array system in silicon results in substantial improvements in cost, size, and reliability. At the same time, it provides numerous opportunities to perform on-chip signal processing and conditioning, without having to go off-chip, leading to additional savings in cost and power.
In this paper, we introduce the first fully integrated siliconbased eight-element phased-array receiver operating at 24 GHz that realizes Moore's prophecy in silicon almost 40 years later. In Section II, we review the phased-array principles of operation and its performance advantages. Section III covers the architecture of the phased-array receiver. The blocks of the phased array are discussed in Section IV. Section V shows the measurement results.
II. REVIEW OF PHASED-ARRAY PRINCIPLE
A phased-array receiver consists of several signal paths, each connected to a separate antenna. Generally, radiated signal arrives at spatially separated antenna elements at different times. An ideal phased-array compensates for the time-delay difference between the elements and combines the signals coherently to enhance the reception from the desired direction(s), while rejecting emissions from other directions. The antenna elements of the array can be arranged in different spatial configurations [4] . We will use a one-dimensional (1-D) -element linear array as an example to illustrate the principle as shown in Fig. 1 . We will discuss only the receiver case in this paper, but similar concepts are applicable to the transmitter due to reciprocity.
A. Delay Versus Phase Compensation
For a plane wave, the signal arrives at each antenna element with a progressive time delay at each antenna. This delay difference between two adjacent elements is related to their distance and the signal angle of incidence with respect to the normal by (1) where is the speed of light. In general, the signal arriving at the first antenna element is given by (2) where and are the amplitude and phase of the signal and is the carrier frequency. The signal received by the th element can be expressed as (3) The equal spacing of the antenna elements is reflected in (3) as a progressive phase difference and a progressive time delay in and . Adjustable time-delay elements can compensate the signal delay and phase difference simultaneously, as shown in Fig. 1 . The combined signal can be expressed as (4) For , the total output power signal is given by
The most straightforward way to obtain this time delay is by using broadband adjustable delay elements in the RF path. However, adjustable time delays at RF are challenging to integrate due to many nonideal effects, such as loss, noise, and nonlinearity. While an ideal delay can compensate the arrival time differences at all frequencies, in narrow-band applications it can be approximated via other means. For a narrow-band signal, and change slowly relative to the carrier frequency, i.e., when is much less than the symbol period, we have (6) (7) Therefore, we only need to compensate for the progressive phase difference in (3). The time-delay element can be replaced by a phase shifter which provides a phase shift of to the th element. To add the signal coherently, should be given by (8) Unlike the wideband case, phase compensation for narrow-band signals can be made at various locations in the receiving chain, i.e., RF, LO, IF, analog baseband, or digital domain.
An additional advantage of a phased array is its ability to significantly attenuate the incident interference power from other directions. To illustrate this property, the receive pattern of an eight-element array is plotted in Fig. 2 for a 45 signal angle of incidence. The plot is for a narrow-band signal and an antenna spacing of where is the wavelength. It can be seen that the signals incident from other angles are significantly suppressed. Additionally, in phased-array systems, the signal power in each path can also be weighted to adjust the null positions or to obtain a lower side-lobe level [3] , [4] .
B. Sensitivity Improvement
In a receiver, for a given modulation scheme, a maximum acceptable bit error rate (BER) translates to a minimum signal-tonoise ratio (SNR) at the baseband output of the receiver (input of the demodulator). For a given receiver sensitivity, the output SNR sets an upper limit on the noise figure of the receiver. The noise figure (NF) is defined as the ratio of the total output noise power to the output noise power caused only by the source [10] . In the case of a single-path receiver, we have
which cannot be directly applied to multiport systems, such as phased arrays. Consider the -path phased-array system, shown in Fig. 3 . Since the input signals are added coherently, then
The antenna's noise contribution is primarily determined by the temperature of the object(s) at which it is pointed. When antenna noise sources are uncorrelated, such as in indoor environment, the output total noise power is given by (11) Thus, compared to the output SNR of a single-path receiver, the output SNR of the array is improved by a factor between and , depending on the noise and gain contribution of different stages. The array noise factor can be expressed as (12) SNR SNR (13) which shows that the SNR at the phased-array output can be even smaller than SNR at the input if . For a given NF, an -array receiver improves the sensitivity by in decibels compared to a single-path receiver. For instance, an eight-element phased array can improves receiver sensitivity by 9 dB.
III. SYSTEM ARCHITECTURE Fig. 4 shows the block diagram of the 24-GHz, eight-element phased-array receiver [11] . The receiver uses two-step down conversion with an IF of 4.8 GHz, allowing both LO frequencies to be generated using a single synthesizer loop and a divide-by-four. LO phase shifting is adopted in this study because the receiver is less sensitive to the amplitude variations at the LO ports of the mixers. A single oscillator core generates 16 discrete phases providing 4 bits (22.5 ) of raw phase resolution. The simulated 16 corresponding array patterns are shown in Fig. 5 , for omnidirectional antenna elements with a spacing of . Fig. 5 illustrates that the system is capable of steering the beam from 90 to 90 and steering step size of 7.2 at the normal direction. A set of eight phase selectors, i.e., analog phase multiplexer, apply the appropriate phase of the LO to the corresponding RF mixer for each element independently. The operating state of the chip, including phase-selection information (beam-steering angle), is serially loaded into an on-chip shift-register using a standard serial interface. The image at 14.4 GHz is attenuated by the front-end's narrow-band transfer function, i.e., antenna and low-noise amplifier (LNA).
Each of the eight RF front-ends consists of two inductively degenerated common-emitter LNA stages in series followed by a double-balanced Gilbert-type mixer. The input of the first LNA is matched to 50 and the subsequent blocks of the front-end are power matched for maximum power transfer. The outputs of all eight mixers are combined in current domain and terminated to a tuned load at the IF. The combined signal is further amplified by an IF amplifier and downconverted to baseband by a pair of double-balanced Gilbert-type mixers, driven by and signals generated by the divide-by-4 block. Two baseband differential buffers drive the and outputs. On-chip PTAT and bandgap references generate the bias currents and voltages, respectively.
IV. CIRCUITS IMPLEMENTATION

A. Low-Noise Amplifier
The LNA is the most critical block in the receive chain in terms of sensitivity. It needs to provide sufficient gain to suppress the noise of the subsequent mixer with a low noise factor by itself and a well-defined real input impedance, which is usually 50 . The LNA used in phased-array systems requires a particularly low-power design since multiple identical LNAs are operating concurrently in the system. The dramatic increase in the speed of bipolar and CMOS transistors in the last decade and novel design techniques have extended the operation range of silicon-based integrated LNA from low gigahertz to much higher frequency bands [12] - [15] . The choice of topologies depends on the ratio of the operation frequency to the transistor cut-off frequency [13] . The inductively degenerated common-emitter LNA can provide a high gain and low noise simultaneously for a small . When becomes comparable to , the common-gate (CG) LNA exhibits competitive performance, particularly with a feedthrough resistor [13] . The process used in this work provides SiGe HBT with a cut-off frequency of 120 GHz, corresponding to a small of 0.2 only. Therefore, inductively degenerated commonemitter topology is adopted as shown in Fig. 6 .
The input transistor size and dc current are chosen to obtain power and noise matching simultaneously by using the steps described in [16] . First, the current density associated with the minimum NF is found by simulation. Then the input transistor is scaled until the optimum input impedance for low noise has a 50-real part. The optimization results in a dc current of 4 mA and an emitter degeneration inductance of 0.2 nH. The cascode transistor is used to improve reverse isolation. At 24 GHz, the available gain of a single stage is limited by the small load inductance due to the large collector capacitance of and the load capacitance. Simulation results show that the power gain achievable by one stage is not sufficient to suppress the noise of the subsequent stages, so an identical second stage is added.
At 24 GHz, the interactions between various blocks can make them very sensitive to variations in other adjacent blocks. To minimize this sensitivity, we have impedance-matched the input and output of individual building blocks to 50 . This way the performance of the adjacent blocks will not be affected while they can be designed and optimized independently.
A capacitive divider formed by and transforms the output impedance of the first stage to 50 , which is also the optimum impedance for the second stage in terms of power and noise. and are chosen to be 100 and 180 fF, respectively, and has an inductance of 0.2 nH, occupying 50 m 50 m silicon area. The matching network loss at 24 GHz is simulated to be lower than 0.25 dB.
At 24 GHz, the bond-wire inductance has a considerable effect on the input reflection coefficient of the LNA. The LNA is designed to be well matched to 50 ( less than 10 dB) on chip and tolerant to bond-wire inductance up to 0.3 nH. The V and ground lines of the LNA are bypassed on chip with a MIM capacitor resonating at 24 GHz. All of the inductors used in this LNA are between 0.2-0.5 nH. To save silicon area, spiral inductors are used, although slab inductors can provide higher quality factors. All of the spirals and interconnections are modeled by electromagnetic simulations using IE3D [17] .
B. Mixer and IF Combining Network
Gilbert-type double-balanced multipliers are used to downconvert the single-ended 24-GHz RF signal to a differential signal at 4.8 GHz IF, as shown in Fig. 7 . The input of the mixer is impedance matched to the LNA output through an impedance-transforming network. Inductive emitter degeneration is used to improve mixer linearity. A dc bias current of 1.25 mA is chosen for each mixing cell which is a reasonable tradeoff between power dissipation, linearity, and noise figure. Each mixing cell has a conversion transconductance of 6.5 mA/V. The downconverted IF signal is subsequently combined in the current domain through a symmetric binary tree and terminated to a tuned load at 4.8 GHz.
C. IF Amplifier and Mixers
The IF amplifier is the first block after signal combining. It can be seen from (12) that the noise contribution of such blocks in overall noise figure is not only suppressed by the single-path gain of the front-end, but also by an array gain of . At this point, the interference arriving at the input of the IF amplifier is already attenuated by the spatial selectivity of the array pattern. Therefore, both noise and linearity requirements of the IF amplifier and subsequent blocks are relaxed as a direct advantage of the phased array. Fig. 8 shows the schematics of the IF amplifier and and mixers. The IF amplifier and mixer consume 1.6 and 2.3 mA of dc current, respectively.
D. LO Path Circuitry
The 16-phase 19-GHz VCO is designed as a ring of eight differential CMOS amplifiers with tuned loads [18] . The center frequency of the VCO is locked by a third-order frequency synthesizer to a 75-MHz external reference. The 16 phases generated at a VCO core are distributed to local phase selectors of each of the eight paths through a symmetric binary tree structure [19] , so that each path has independent access to all 16 phases of the LO. The LO phase selection for each path is done in two steps, as shown in Fig. 9 . Initially, an array of eight differential pairs with switchable current sources and a shared tuned load selects one of the eight LO phase pairs. A dummy array with complementary switching signals maintains a constant load on the VCO buffers and prevents variations in phase while switching. Next, the polarity (the sign bit) of the LO is selected by a similar 2-to-1 phase selector providing all 16 LO phases. The second phase-selection stage also provides additional gain to compensate for the loss of the distribution network. Each 16:1 phase selector consumes 12 mA. The design of the multiple phase generation, distribution network, frequency synthesizer circuits, and their effects on array performance are discussed in great detail in [20] .
V. EXPERIMENTAL RESULTS
The phased-array receiver is implemented in IBM 7HP SiGe BiCMOS technology with a bipolar of 120 GHz and 0.18-m CMOS transistors [21] . It offers five metal layers with a 4-m-thick top analog metal used for on-chip spiral inductors as well as transmission lines routing the high-frequency signals.
The die microphotograph of the phased-array receiver is shown in Fig. 10 . The size of the chip is 3.3 3.5 mm . The die and test board are mounted on a brass platform using silver epoxy, as shown in Fig. 11 . The thickness of the employed Duroid board is chosen to be 0.25 mm, which is approximately the same height as the chip. This minimizes signal bond-wire length and curvature. A 3.5-mm-long brass step with width and height of 200 m is built along the RF side of the chip. The ground pads for the RF circuitry are wire-bonded to the top surface of this step to minimize the ground bond-wire length. The inputs of every path are symmetrically wire-bonded to 50-transmission lines on board.
The free-running VCO achieves a phase noise of 103 dBc/Hz at 1-MHz offset. The frequency synthesizer is locked from 18.7 to 20.8 GHz with a settling time of less than 50 s. Fig. 12 shows the locked spectrum of the frequency synthesizer.
The input reflection coefficients at 24-GHz RF ports are characterized both on chip and at the SMA connectors of the RF inputs on board. The receiver demonstrates good input matching properties at the frequency range of interest in both cases, as shown in Fig. 13 . Fig. 14(a) depicts the gain of a single path as a function of the input frequency, showing a 43-dB peak gain at 23 GHz and 35-dB on-chip image rejection. The image signals will be further attenuated by narrow-band antennas. A 3-dB gain variation is observed among all paths. The receiver noise figure as a function of input frequency is shown in Fig. 14(b) . A double-sideband noise figure of 7.4 dB is measured over the signal bandwidth of 250 MHz. Fig. 14(c) and (d) shows the measured nonlinearity of a single path. The input-referred 1-dB compression point is observed at 27 dBm, and the input-referred intercept point of the third-order distortion is 11.5 dBm. Fig. 15 shows the on-chip isolation between different paths. The signal is fed to the fifth path only. The phase selector of each path is turned on alternatively to measure the output power caused by coupling. When all phase selectors are off, the system has a 27-dB signal leakage (normalized to single-path gain). The coupling is lower than 20 dB in all paths. The strongest coupling is seen between adjacent paths, e.g., the fourth and fifth paths, as expected. However, when the phase selector at the fourth path is turned off and the one at the sixth path is turned on, a significantly lower output power is observed, which may be due to the coexisting coupling and leakage canceling each other. The coupling between nonadjacent paths is close to or lower than the leakage level. The array performance is assessed using the setup shown in Fig. 16 . An artificial wave front is generated by feeding the RF inputs to each receiver path via power splitters and adjustable phase shifters. This way, the array performance is measured independently of the antenna properties. Figs. 17 and 18 show the measured array patterns at different LO phase settings for twoand four-path operations, respectively. Figs. 17 and 18 clearly demonstrate the spatial selectivity of the phased-array receiver and its steering of the beam over the entire 180 range by LO phase programming. The measured performance is summarized in Table I. VI. CONCLUSION A silicon-based fully integrated 24-GHz eight-element phased-array receiver is demonstrated for the first time. The phased array realizes phase shifting with 22.5 resolution at the LO port of the first down-conversion mixer. Each signal path achieves a gain of 43 dB, a noise figure of 7.4 dB, and an IIP3 of 11 dBm. The eight-element array improves SNR at the baseband output by 9 dB, demonstrating an array gain of 61 dB and a peak-to-null ratio of 20 dB. circuit board and microwave package, and R. Chunara for providing the original version of the software for programming the phased-array receiver.
